Acanthamoeba culbertsoni is an opportunistic pathogen that causes granulomatous amoebic encephalitis (GAE), a chronic and often fatal disease of the central nervous system (CNS). A hallmark of GAE is the formation of granulomas around the amoebae. These cellular aggregates consist of microglia, macrophages, lymphocytes, and neutrophils, which produce a myriad of proinflammatory soluble factors. In the present study, it is demonstrated that A. culbertsoni secretes serine peptidases that degrade chemokines and cytokines produced by a mouse microglial cell line (BV-2 cells). Furthermore, soluble factors present in cocultures of A. culbertsoni and BV-2 cells, as well as in cocultures of A. culbertsoni and primary neonatal rat cerebral cortex microglia, induced apoptosis of these macrophage-like cells. Collectively, the results indicate that A. culbertsoni can apply a multiplicity of cell contact-independent modes to target macrophage-like cells that exert antiamoeba activities in the CNS.
Acanthamoeba culbertsoni belongs to a group of free-living amoebae, such as Balamuthia mandrillaris, Naegleria fowleri, and Sappinia pedata, that can cause disease in humans (46, 56) . Acanthamoeba spp. are found worldwide and have been isolated from a variety of environmental sources, including air, soil, dust, tap water, freshwater, seawater, swimming pools, air conditioning units, and contaminated contact lenses (30) . Trophozoites feed on bacteria and algae and represent the infective form (47, 56) . However, under unfavorable environmental conditions, such as extreme changes in temperature or pH, trophozoites transform into a double-walled, round cyst (22, 45) .
Acanthamoeba spp. cause an infection of the eye known as amoebic keratitis (AK), an infection of the skin referred to as cutaneous acanthamoebiasis, and a chronic and slowly progressing disease of the central nervous system (CNS) known as granulomatous amoebic encephalitis (GAE) (22, 23, 30, 56) . GAE is most prevalent in humans who are immunocompromised (30, 33, 40) and has been reported to occur among individuals infected with the human immunodeficiency virus (HIV) (28) . It has been proposed that Acanthamoeba trophozoites access the CNS by passage through the olfactory neuroepithelium (32) or by hematogenous spread from a primary nonneuronal site of infection (23, 24, 33, 53) .
In immune-competent individuals, GAE is characterized by the formation of granulomas. These cellular aggregates consist of microglia, macrophages, polymorphonuclear cells, T lymphocytes, and B lymphocytes (24, 30) . The concerted action of these immune cells results in sequestration of amoebae and is instrumental in slowing the progression of GAE. This outcome is consistent with the observation that granulomas are rarely observed in immunocompromised individuals (34) and in mice with experimentally induced immune suppression following treatment with the cannabinoid delta-9-tetrahydrocannabinol (⌬ 9 -THC) (8) .
Microglia are a resident population of macrophages in the CNS. These cells, along with CNS-invading peripheral macrophages, appear to play a critical early effector role in the control of Acanthamoeba spread during GAE (4, 5, 29, 31) . In vitro, microglia have been shown to produce an array of chemokines and cytokines in response to Acanthamoeba (31, 51) . However, these factors appear not to have a deleterious effect on these amoebae (29) .
Acanthamoeba spp. produce serine peptidases, cysteine peptidases, and metallopeptidases (1, 2, 9, 10, 14, 16, 18, 19, 21, 25, 26, 37, 38, 41, 42, 52) . In the present study, it is demonstrated that serine peptidases secreted by A. culbertsoni degrade chemokines and cytokines that are produced by immortalized mouse BV-2 microglia-like cells. In addition, soluble factors present in cocultures of A. culbertsoni and BV-2 cells induced apoptosis of the BV-2 cells. Collectively, these results suggest a mode through which A. culbertsoni can evade immune responsiveness in the CNS. 100 g/ml streptomycin, 0.01 M HEPES, 1ϫ nonessential amino acid [NEAA], 2 mM L-glutamine, and 1ϫ MEM vitamins) at 37°C with 5% CO 2 . Primary neonatal rat microglia (pMG) were isolated from postnatal (day 3 or 5) rat brains. Briefly, cerebral hemispheres were minced following removal of meninges and incubated in Hanks balanced salt solution supplemented with 0.25% trypsin (Invitrogen, Carlsbad, CA) and 1 g/ml DNase (Sigma, St. Louis, MO) for 10 min at 37°C. Cells were collected following centrifugation (115 ϫ g, 3 min, room temperature [RT] ) and resuspended in DMEM-10% fetal calf serum (FCS) (Invitrogen). For all experiments, cells were transferred to Neurobasal-A medium containing B-27 supplement (Invitrogen), a medium that mimics the brain environment.
Acanthamoeba-conditioned medium. A. culbertsoni-conditioned medium and A. astronyxis-conditioned medium were generated by incubating 10 9 amoebae in 5 ml of Neurobasal-A medium at 37°C for 24 h. The cell-free supernatant was removed following centrifugation (1,700 ϫ g, 10 min, 4°C), and the conditioned medium was stored at Ϫ80°C. The protein concentration of the conditioned medium was determined by the Bradford method (7). When used in experiments, Acanthamoeba-conditioned medium was diluted in Neurobasal-A medium and applied at 0.70 mg/ml.
Gel zymography. Gel zymography was performed to measure peptidase activity in Acanthamoeba-conditioned medium. Additionally, cell-free culture supernatants from cocultures of A. culbertsoni and BV-2 cells were assessed by gel zymography. Briefly, aliquots of conditioned medium or culture supernatant were subjected to electrophoresis under nonreducing conditions on a 10% SDSpolyacrylamide gel containing 0.5% gelatin. Following electrophoresis, gels were incubated (30 min) at RT in 1ϫ Novex zymogram renaturing buffer, pH 7.5 (Invitrogen), equilibrated (30 min, RT) in 1ϫ Novex zymogram developing buffer, pH 7.5 (Invitrogen), immersed in the appropriate peptidase inhibitor, and stained with Coomassie blue R-250. To assess serine peptidase activity, samples were pretreated (30 min) with 1 mM phenylmethylsulfonyl fluoride (PMSF) prior to electrophoresis. To assess cysteine peptidase activity or metallopeptidase activity, gels were treated in the developing buffer with 5 M E-64 [transepoxysuccinyl-L-leucylamido-(4-guanidino)-butane] or 5 mM 1,10-phenanthroline, respectively. The Coomassie blue-stained gels were scanned on a Microtek ScanMaker 9800XL/TMA1600 flatbed scanner interfaced with a Compaq computer using SilverFast scanning software (LaserSoft Imaging AG, Germany) and analyzed for the percent adjusted volume of total enzyme activity using Quantity One one-dimensional image analysis software (Bio-Rad Laboratories, Hercules, CA).
Multiprobe RNase protection assay. To assess expression of select chemokine and cytokine mRNAs, total RNA was obtained from BV-2 cells (1.5 ϫ 10 6 ) maintained (6 h, 37°C, 5% CO 2 ) in Neurobasal-A medium or cultured under the same conditions in the presence of A. culbertsoni (10 6 cells), B. mandrillaris (10 6 cells), or bacterial lipopolysaccharide (LPS; 100 ng/ml). Total RNA was prepared from cell cultures using TRIzol reagent (Invitrogen) according to the manufacturer's instructions, subjected to isopropanol precipitation, and dissolved directly in 1ϫ hybridization buffer (BD Biosciences/Pharmingen, San Diego, CA). A RiboQuant multiprobe RNase protection assay (RPA) was used to assess mouse chemokine and cytokine mRNA using the mCK-5c and mCK-2b probe template sets, respectively (BD Biosciences/Pharmingen). The riboprobes were labeled with [ 32 P]UTP (MP Biomedicals, Aurora, OH) to a specific activity of greater than 3,000 Ci/mmol. The isolated RNA samples were hybridized with the probe overnight at 56°C, and the protected fragments were resolved on a 6% polyacrylamide gel containing 6 M urea. Imaging of the protected fragments was performed using a PhosphorImager 445 SI (Molecular Dynamics, Sunnyvale, CA). The pixel intensity of each band was quantified using ImageQuant 4.1 software (Molecular Dynamics), and the amount of chemokine or cytokine mRNA was normalized for loading by dividing the sum of the pixel values for the chemokine or cytokine expression band by the sum of the pixel values for the mRNAs of the housekeeping genes, i.e., those encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and a ribosomal protein, L32.
Cytokine/chemokine protein microarray. To assess the levels of chemokine or cytokine protein in culture supernatants, BV-2 cells (10 6 ) were cultured (9 h) in Neurobasal-A medium in the presence or absence of A. culbertsoni (10 6 cells) or 8 h in this medium in the presence of LPS (100 ng/ml). In a second set of experiments, supernatants from BV-2 cells (10 6 ) maintained (8 h or 18 h) in Neurobasal-A medium or maintained in Neurobasal-A medium supplemented with 0.70 mg/ml Acanthamoeba-conditioned medium for 8 h or 18 h were assessed. In a third set of experiments, culture supernatants from BV-2 cells (10 6 ) maintained (18 h) in Neurobasal-A medium were incubated for an additional 8 h in the presence or absence of the serine peptidase inhibitor PMSF (1 mM). The RayBio mouse cytokine antibody array III (RayBiotech, Inc., Norcross, GA) was used as a semiquantitative measure for chemokine and cytokine protein according to the manufacturer's instructions. Protein on membranes was visualized by a chemiluminescence reaction in concert with autoradiography using a Kodak X-Omat 2000A processing instrument (Kodak, Rochester, NY) and Kodak BioMax XAR film. The film was scanned on a Microtek ScanMaker 9800XL/ TMA1600 flatbed scanner (Microtek Lab Inc., Cerritos, CA), and densitometry was performed using Quantity One software (Bio-Rad).
ELISA. In order to assess the temporal effect of the serine peptidase inhibitor PMSF on protein levels of select chemokines or cytokines in culture supernatants of BV-2 cells maintained in the presence of A. culbertsoni, DuoSet sandwich enzyme-linked immunosorbent assay (ELISA) kits for mice (R&D Systems, Inc.) were used. The chemokine/cytokine species selected for assessment were tumor necrosis factor alpha (TNF-␣), macrophage inflammatory protein 1␣ (MIP-1␣), and MIP-2, since these were shown by membrane array to be induced or augmented by A. culbertsoni. The optical density of each sample was determined using a SpectraMax 250 spectrophotometer (MDS Analytical Technologies, Sunnyvale, CA) in concert with SoftMax Pro software (MDS Analytical Technologies). All wells were read at 450 nm with a correction wavelength of 570 nm. Standards consisted of 2-fold dilutions of recombinant mouse TNF-␣ (2,000 pg/ml to 31.25 pg/ml), MIP-1␣ (500 pg/ml to 7.81 pg/ml), or MIP-2 (1,000 pg/ml to 15.63 pg/ml).
Light microscopy. Live light microscopy images of BV-2 cells cultured in Neurobasal-A medium or in this medium supplemented with Acanthamoebaconditioned medium (0.70 mg/ml) were acquired using an Olympus CK2 inverted microscope (Olympus America, Center Valley, PA).
Transmission electron microscopy (TEM). BV-2 cells maintained in Neurobasal-A medium supplemented with A. culbertsoni-conditioned medium were fixed using cacodylate-buffered 2.5% glutaraldehyde. Following a rinse with cacodylate buffer, samples were postfixed (2 h) with cold (4°C) 2% osmium tetroxide (OsO 4 ), dehydrated through a graded series of ethanol, transferred to propylene oxide, and embedded in an Epon-Araldite mixture. Ultrathin sections were stained with saturated aqueous uranyl acetate followed by lead citrate and examined in a Zeiss EM 10 transmission electron microscope (Carl Zeiss, New York, NY) operating at an accelerating voltage of 80 kV.
MTT assay. The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was used to assess the mitochondrial viability of BV-2 cells. BV-2 cells (10 5 /well) were cultured in either Neurobasal-A medium alone or in this medium supplemented with A. culbertsoni-conditioned medium for 4 to 18 h. Mitochondrial viability was measured by the reduction of MTT in a colorimetric assay as described by Mosmann (39) . As a positive control, BV-2 cells were treated (4 h) with staurosporine (1 M), an inducer of apoptosis. The cells then were solubilized with 10% SDS, and the absorbance was read at 550 nm, with a correction wavelength of 630 nm, using a SpectraMax 250 spectrophotometer (MDS Analytical Technologies). The level of MTT reduction was expressed as a percentage of that of the negative control (i.e., viable cells).
TUNEL assay. The DeadEnd colorimetric terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) system, in which the 3Ј-OH ends of fragmented nuclear DNA within apoptotic cells are labeled with biotinylated nucleotides in the presence of recombinant terminal deoxynucleotidyltransferase (rTdT), was used to assess apoptosis (Promega Corporation, Madison, WI). For these experiments, BV-2 cells and pMG cells (2 ϫ 10 5 /well) were cultured (8 h and 18 h) in sterile poly-L-lysine-precoated 8-well Lab-Tek chamber slides (Nunc, Rochester, NY) in Neurobasal-A medium or Neurobasal-A medium supplemented with A. culbertsoni-conditioned medium or A. astronyxis-conditioned medium. As a positive control for apoptosis, BV-2 cells were treated (10 min, RT) with DNase I (5 U/ml) (Invitrogen). As a negative control for apoptosis, BV-2 cells were incubated (1 h, 37°C) in the absence of rTdT. After being stained with diaminobenzidine chromogen and counterstained with eosin Y, slides were mounted with Permount medium and examined with a Nikon Labophot 2A microscope (Nikon, Inc., Melville, NY). Data are presented as the percentages of apoptosis for 1,000 cells counted from each well.
Western immunoblotting. To assess protein expression of Fas ligand (FasL) and endonuclease G (Endo G), BV-2 cells (10 7 /dish) were maintained (18 h) in Neurobasal-A medium or in this medium in the presence (8 h or 18 h) of A. culbertsoni-conditioned medium. These proteins were selected for analysis since they are, respectively, representative constituent elements of the extrinsic and intrinsic signaling pathways during apoptosis. Cell lysates were subjected to SDS-polyacrylamide gel electrophoresis and Western immunoblotting. Rabbit anti-FasL (1:500) and goat anti-Endo G (1:750) (Santa Cruz Biotechnology, Santa Cruz, CA) served as the primary antibodies. Goat anti-rabbit IgG (1:5,000) and donkey anti-goat IgG (1:2,000) (Santa Cruz Biotechnology) served as the secondary antibodies. Immunoreactive product was visualized using enhanced chemiluminescence (ECL) reagent (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom).
Data analysis.
For chemokine/cytokine protein arrays, the background was subtracted and the density of duplicate chemokine and cytokine immunoreactive spots (i.e., the sum of pixels per array spot), which corresponded to the relative amount of chemokine or cytokine in each culture supernatant, was normalized to the average density of the internal standard control spots consisting of the biotin-conjugated IgG included in each membrane. The average density of the internal standard control spots of each membrane was normalized to that of other membranes to allow for assessment of individual chemokine/cytokine spots between membranes. Density values were graphed as the mean intensity value, and a fold difference of Ն2.1 compared to the control was considered significant. For graphic depiction of chemokine/cytokine species, the normalized density of each spot was determined using SigmaGel gel analysis software (SPSS Science, Chicago, IL) and plotted using GraphPad Prism V software (GraphPad Software, San Diego, CA). For ELISA, the optical density of aliquots from coculture supernatants at time of harvest (i.e., t ϭ 0) was considered the 100% value. Aliquots of the same cocultures were assessed at temporal intervals thereafter, and their optical densities at t ϭ x were represented as percentages of the optical densities obtained at the time of harvest (t ϭ 0). Samples from each time point were assessed in triplicate, and the average optical density was obtained to calculate the percent maximum response. For MTT assays, data were graphed based on 4 separate experiments with Ϯstandard deviations (SD). For TUNEL analysis, the graphs of 2 separate experiments performed in triplicate showing ϮSD for 1,000 counted cells/well were constructed. Western immunoblotting results were representative of 3 separate experiments.
RESULTS
A. culbertsoni secretes serine peptidases. Acanthamoeba cells (10 9 ) were incubated in 5 ml of Neurobasal-A medium to yield Acanthamoeba-conditioned medium. In order to identify peptidases secreted by A. culbertsoni ( Fig. 1A and B) and A. astronyxis ( Fig. 1C ) into this medium, gelatin zymography was performed. Each aliquot of medium was analyzed at a protein concentration of 0.70 mg/ml and was subjected to gel electrophoresis at a constant volume. For A. culbertsoni, bands indicative of peptidase activity were identified at positions corresponding to approximately 150, 100, 90, 70, 50, and 40 kDa (Fig. 1A) . Percent adjusted volume analysis indicated that these corresponded, respectively, to 39%, 11%, 8%, 10%, 20%, and 7% of the total activity within the lane. In order to identify the class of peptidases associated with the respective bands observed on zymograms, peptidase class-specific inhibitors were employed. Incubation of samples prior to electrophoresis with 1 mM PMSF resulted in abrogation of enzymatic activity. On the other hand, incubation of gels with 5 M E-64 had no apparent effect on the banding pattern and proteolytic activity attributed to A. culbertsoni. No inhibition was observed with 5 mM 1,10-phenanthroline on the enzymatic profile for A. culbertsoni. Gel zymography also was performed on culture supernatants from cocultures of A. culbertsoni and BV-2 cells to determine if these exhibited a differential profile of peptidase activity. The pattern of peptidase activity, albeit at less robust levels since 10 6 amoebae were cultured with 10 6 BV-2 cells, was similar to that observed for A. culbertsoni-conditioned medium (Fig. 1B) . Major bands of enzymatic activity were identified at positions corresponding to molecular masses of 150, 70, and 50 kDa. Percent adjusted volume analysis indicated that these corresponded, respectively, to 37%, 14%, and 23% of the total activity recorded for the lane. Bands at positions corresponding to molecular masses of 100, 90, and 40 kDa also were observed, although these were difficult to discern in the zymogram micrographs. Again, the enzyme activity of A. culbertsoni-conditioned medium attributed to each of the bands was inhibited by PMSF but not E-64 or 1,10-phenanthroline, consistent with the activity of A. culbertsoni-conditioned medium when linked to serine peptidases. Zymograms of A. astronyxis-conditioned medium exhibited a pattern of enzyme activity that was distinctive from that for A. culbertsoni. Bands indicative of peptidase activity were identified at positions corresponding to molecular masses of approximately, 210, 80, 55, 50, 45, and 30 kDa (Fig. 1C) . Complete abolishment of activity of the 210-, 55-, and 50-kDa bands was obtained upon treatment with 1 mM PMSF. On the other hand, treatment with 5 mM 1,10-phenathroline resulted in abrogation of activity associated with the 80-, 45-, and 30-kDa bands. Treatment with E-64 had no effect on the pattern of enzyme activity.
A. culbertsoni does not inhibit chemokine and cytokine mRNA expression by BV-2 cells. In order to determine whether A. culbertsoni inhibited BV-2 chemokine and cytokine mRNA expression, RNase protection assays were performed using two select riboprobe template sets (Fig. 2) . BV-2 cells Relatively high levels of IL-1␣, IL-1␤, and IL-6 were obtained, at least at the 6-h time point of culture that was selected for assessment. Thus, although a large-scale screening of chemokine and cytokine mRNA species was not performed, these observations are consistent with the conclusions that (i) A. culbertsoni elicits a chemokine/cytokine mRNA profile distinctive from that elicited by B. mandrillaris and LPS and (ii) the presence of A. culbertsoni does not result in suppression of constitutively expressed or inducibly expressed chemokine and cytokine mRNAs by BV-2 cells.
A. culbertsoni induces the expression of chemokine and cytokine protein by BV-2 cells. In order to determine whether A. culbertsoni induced expression of a novel pattern of chemokines and cytokines from BV-2 cells at the protein level, the RayBio mouse cytokine antibody array III was employed (Fig. 3) . BV-2 cells (10 6 ) were cultured for 9 h, and the cellfree supernatant was harvested for analysis. In addition to several species that were produced at relatively low levels, BV-2 cells maintained in the absence of amoebae constitutively expressed relatively high levels of MCP-1, MIP-1␣, MIP-1␥, MIP-2, platelet factor 4 (PF-4), P-selectin, soluble tumor necrosis factor receptor I (sTNFRI), and sTNFRII (Fig. 3A) . These soluble factors, with the exception of MIP-2, which was identified at an augmented level, also were identified at approximately comparable levels in supernatants of BV-2 cells cocultured with A. culbertsoni for 9 h. In addition, the novel expression of MIP-3␣, IL-1␣, and TNF-␣ was observed. The pattern of chemokines and cytokines elicited by BV-2 cells in response to 8 h of exposure to LPS also was examined. A differential profile was obtained and compared with that recorded for BV-2 cells maintained in the presence or absence of A. culbertsoni. In particular, robust or augmented levels of granulocyte colony-stimulating factor (G-CSF), granulocytemacrophage CSF (GM-CSF), and IL-6 were produced, while diminished levels of PF-4, P-selectin, and M-CSF were observed. These observations indicate that BV-2 cells respond to A. culbertsoni by eliciting a distinctive, possibly signature pattern of cytokines and chemokines at the protein level, at least during the time frame of exposure employed in this study.
Factors present in A. culbertsoni-conditioned medium degrade cytokines and chemokines produced by BV-2 cells. Supernatants from BV-2 cells cultured for 8 h or 18 h were assessed for the presence of chemokine and cytokine protein.
The 18-h time point was shown to yield a robust level of constitutively expressed protein, including MCP-1, MIP-1␣, MIP-1␥, MIP-2, PF-4, P-selectin, sTNFRI, and sTNFRII. To implicate serine peptidases present in A. culbertsoni-conditioned medium in the degradation of chemokine and cytokine proteins produced by BV-2 cells, BV-2 cells were maintained for 8 h or 18 h in culture in Neurobasal-A medium supplemented with 0.70 mg/ml A. culbertsoni-conditioned medium and assessed by RayBio mouse cytokine antibody array (Fig. 4) . A major depletion in the level of chemokine and cytokine protein was observed in culture supernatants of BV-2 cells treated with A. culbertsoni-conditioned medium. For supernatants of BV-2 cells incubated (8 h) with A. culbertsoniconditioned medium, the only proteins that could be identified were MCP-1, MIP-1␣, MIP-1␥, and sTNFRI (Fig. 4C) . Compared to the results with the control, 8-h supernatant from BV-2 culture maintained in Neurobasal-A medium, the levels of these proteins were reduced respectively by approximately 32%, 91%, 75%, and 89%. Examination of supernatants from the 18-h BV-2 cell cultures maintained in A. culbertsoni-con-
FIG. 2. BV-2 cells express chemokine and cytokine mRNAs in the presence of A. culbertsoni.
A multiprobe RNase protection assay (RPA) was used to assess chemokine and cytokine mRNAs by BV-2 cells. Lanes P, undigested riboprobes for chemokine and cytokine template sets mCK-5c and mCK-2b (left and right, respectively); lane 6, chemokine mRNAs from BV-2 cells cocultured (6 h) with B. mandrillaris; lanes 3 and 5, cytokine and chemokine mRNAs, respectively, from BV-2 cells cocultured (6 h) with A. culbertsoni; lane 2, cytokine mRNAs from BV-2 cells treated (6 h) with LPS (100 ng/ml); lanes 1 and 4, BV-2 cells maintained only in Neurobasal-A medium. L32 and GAPDH represent constitutively expressed BV-2 mRNAs that were used for internal standardization. on October 31, 2017 by guest http://iai.asm.org/ ditioned medium revealed a virtually total degradation of chemokine and cytokine protein species (Fig. 4D) . In contrast, incubation of BV-2 cells in the presence of Neurobasal-A medium supplemented with 0.70 mg/ml conditioned medium from nonpathogenic A. astronyxis had a minimal effect on constitutively expressed chemokines and cytokines (Fig. 4E) . The soluble factors produced by A. culbertsoni that degrade BV-2 cell chemokines and cytokines are serine peptidases. In order to link the soluble factors in A. culbertsoni-conditioned medium that degraded chemokines and cytokines to serine peptidases, cell-free supernatant from BV-2 cells (10 6 ) cultured for 18 h was incubated with 0.70 mg/ml A. culbertsoniconditioned medium in the presence or absence of 1 mM PMSF for 8 h and assessed using the RayBio mouse cytokine antibody array (Fig. 5) . Treatment with PMSF prevented the degradation of chemokines and cytokines in the BV-2 supernatant (Fig. 5C ). To confirm these data, BV-2 cells (10 6 ) were cocultured with A. culbertsoni (10 6 cells) for 9 h, and the cell- on October 31, 2017 by guest http://iai.asm.org/ free supernatants were incubated an additional 12 to 48 h in the presence or absence of PMSF and examined by ELISA. The 9-h time period for assessment of coculture supernatant was selected since a longer coculture period could have led to degradation of protein, thereby precluding identification of chemokines or cytokines targeted by the peptidases. For these experiments, MIP-1␣, MIP-2, and TNF-␣ were selected as representative species, and their levels were measured at the 9-h time point of coculture harvest (t ϭ 0) and designated the 100% base for comparison of levels of the respective species at defined incubation time points postharvest. In the absence of PMSF, all three protein species in cell-free culture supernatants underwent a rapid time-related decrease in level (Fig. 6) . (Fig. 7A) . However, these cells, when maintained in Neurobasal-A medium supplemented with A. culbertsoni-conditioned medium for 8 h, displayed a round morphology (Fig. 7B) . Maintenance of BV-2 cells in the presence of A. culbertsoni-conditioned medium for 18 h resulted in membrane blebbing in greater than 50% of the BV-2 cells, rupture in cell membranes, and extrusion of cytosol (Fig. 7C) . Consistent with the light microscopy observations, TUNEL assay demonstrated that 47.8% and 66.4% of the BV-2 cells maintained, respectively, for 8 h and 18 h in Neurobasal-A medium supplemented with A. culbertsoni-conditioned medium were apoptotic (Fig. 7F, G, and I) . At the latter time point, electron microscopy revealed the presence of membrane blebbing and apoptotic bodies, indicating that soluble factors in A. culbertsoni-conditioned medium induced apoptosis of BV-2 cells (Fig. 7J) . To confirm these results using a primary cell type, neonatal rat cerebral cortex microglia (pMG cells) were incubated with A. culbertsoni-conditioned medium for 8 h and assessed using the TUNEL assay. Comparable with results obtained with BV-2 cells, approximately 50% of the pMG cells were apoptotic in the presence of A. culbertsoni-conditioned medium (Fig. 7K) . In addition, BV-2 cells and pMG cells were maintained in Neurobasal-A medium supplemented with conditioned medium of a nonpathogenic Acanthamoeba sp., A. astronyxis. Incubation of these cells with A. astronyxis-conditioned medium did not result in a significant level of apoptosis (Fig. 7D, H, I , and K).
In order to gain insight as to whether the intrinsic versus the extrinsic apoptotic pathway was induced, Western immunoblot assessment of Fas ligand (FasL) and endonuclease G (Endo G) proteins was performed. FasL (CD95L) is a type II transmembrane protein of the TNF superfamily that is able to activate the extrinsic pathway of apoptosis, while Endo G is a mitochondrial protein released from the intermembrane space together with other proapoptotic pro- 10 6 ) and A. culbertsoni (10 6 cells). Cocultures were maintained for 9 h, and the cell-free medium was harvested and incubated in the presence or absence of 1 mM PMSF for defined periods thereafter. At the time of harvest, 3,983 pg/ml of MIP-1␣, 5,247 pg/ml of MIP-2, and 1,695 pg/ml of TNF-␣ were obtained and were considered the respective 100% values. (Top) MIP-1␣; (middle) MIP-2; (bottom) TNF-␣. Experiments were performed in triplicate, and the average optical density of each sample was used to calculate the percent maximum response.
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on October 31, 2017 by guest http://iai.asm.org/ teins and is a constituent element of the intrinsic pathway of apoptosis. BV-2 cells were maintained in Neurobasal-A medium for 18 h as a negative control or in Neurobasal-A medium supplemented with 0.70 mg/ml A. culbertsoni-conditioned medium for 8 h or 18 h. As a positive control for apoptosis, BV-2 cells were incubated in Neurobasal-A medium containing recombinant mouse TNF-␣ (2.8 ng/ml) for 6 h. Maintenance of BV-2 cells in the presence of A. culbertsoni-conditioned medium resulted in a time-related increase in the expression of FasL protein (Fig. 8A ). In contrast, no discernible differential level of expression was observed for Endo G in all treatment groups. Finally, indication of BV-2 cellular damage at the mitochondrial level was assessed using the MTT assay. Exposure of BV-2 cells to A. culbertsoni-conditioned medium resulted in a 40% decrease of BV-2 mitochondrial viability after 18 h (Fig. 8B) .
In contrast, when BV-2 cells were maintained (8 h) in the presence of A. astronyxis-conditioned medium, induction in the expression of neither FasL nor Endo G was observed (data not shown). Collectively, the results suggest that apoptosis induced by soluble factors in A. culbertsoni-conditioned medium involves activation of the extrinsic pathway to apoptosis, possibly through the mediation of "death receptors" belonging to the TNF receptor superfamily. 
DISCUSSION
A. culbertsoni is found worldwide and causes opportunistic infections in humans, including GAE, which is most prevalent in immunocompromised individuals. Although the mode by which this amoeba causes disease has not been fully elucidated, there is accumulating evidence that it has evolved strategies to evade host immunity. It has been reported that A. culbertsoni can target and destroy macrophages, macrophage-like cells, microglia, and neuroblastoma cells in a cell contact-dependent fashion (29, 31, 45) . For example, using electron microscopy, it has been demonstrated that trophozoites destroy nerve cells by cytolysis and also by ingestion of whole nerve cells using food cups or amoebastomes (45) . In addition, electron microscopy has revealed that A. culbertsoni appears to target macrophagelike cells by projecting fingerlike processes known as digipodia (29) .
Recent studies have indicated that cell contact-independent processes may also play a role in Acanthamoeba-mediated pathogenesis and that peptidases may be linked to these events. Acanthamoeba serine peptidases have been implicated in the induction of blood-brain barrier permeability (2) . In addition, it has been reported that pathogenic Acanthamoeba spp. secrete more phospholipase A and peptidases than nonpathogenic Acanthamoeba spp. (12, 15, 21, 36) .
In the present study, it was demonstrated that peptidases that are secreted by A. culbertsoni are primarily serine peptidases. Gel zymography of medium in which A. culbertsoni was maintained indicated that the secreted peptidases corresponded to molecular masses of approximately 150, 100, 90, 70, 50, and 40 kDa. Of these, the preponderant bands of activity corresponded to molecular masses of 150, 70, and 50 kDa. The pattern of peptidase activity resident in A. culbertsoni-conditioned medium, i.e., Neurobasal-A medium in which only A. culbertsoni cells were cultured, was also observed in medium in which A. culbertsoni cells were cocultured with BV-2 cells. That is, major bands of activity were identified at positions corresponding approximately to 150, 70, and 50 kDa. However, as anticipated, the relative levels of enzyme activity in medium from these cocultures were lower since fewer amoebae (i.e., 10 6 ) were used. Nevertheless, these latter results suggest that the presence of BV-2 cells, at least at the 1:1 ratio that was used for cocultures, does not result in a differential induction of peptidases.
In contrast, a distinctive pattern of secreted proteases was obtained for A. astronyxis, a nonpathogenic amoeba within the same genus. Upon zymography, A. astronyxis maintained in Neurobasal-A medium exhibited bands of activity with molecular masses corresponding to 210, 80, 55, 50, 45, and 30 kDa. Through the use of class-specific inhibitors, it was demonstrated that both serine and metallopeptidases were released by these amoebae. The serine peptidase activity, however, was associated only with bands of approximate molecular masses of 55 kDa and 50 kDa, compared with A. culbertsoni, for which the full spectrum of enzyme activity was associated with that of serine peptidases. Thus, A. culbertsoni also exhibited a distinctive pattern of serine peptidase activity compared with A. astronyxis. These results suggest that a specified subclass of serine peptidases emitted from A. culbertsoni, or a higher level of total serine peptidase produced by these amoebae, accounts for chemokine/cytokine degradation. This supposition is consistent with the observation that A. astronyxis-conditioned medium did not degrade chemokines/cytokines constitutively expressed by BV-2 cells, at least during the 8-h time frame employed for assessment. The collective zymography data are generally consistent with those derived from previous studies that indicated that pathogenic Acanthamoeba spp. produce serine peptidases that upon zymography exhibit three major bands of activity (9, 50) . However, in these studies, the bands of activity corresponded to molecular masses of 188, 97, and 55 kDa. The disparity in molecular masses may be due to the amoeba variants used, to the medium conditions, or to the zymographic analysis applied and attendant extrapolation of molecular masses.
Microglia, as resident macrophages in the CNS, act as early responders to amoebic invasion (30, 31) . Yet, although these cells elicit a plethora of proinflammatory mediators (31) , it is apparent that they do not affect the amoebae (29) . In this study, by using BV-2 cells that retain morphological, phenotypical, and functional properties of freshly isolated microglia (6) , it is demonstrated that the serine peptidases released from A. culbertsoni degrade chemokines and cytokines, articulating one mode by which amoebae may evade host immunity. BV-2 cells exposed to A. culbertsoni were shown to produce chemokines and cytokines at the mRNA level, as identified by an RNase protection assay. This pattern of chemokine/cytokine mRNAs was distinctive from that of BV-2 cells maintained in the absence of A. culbertsoni, from that elicited in response to the amoeba B. mandrillaris, which also causes GAE, and from that produced in response to the potent bacterial immune modulator LPS. This pattern of differential chemokine/cytokine gene expression was replicated at the protein level, as shown by protein microarrays revealing a distinctive pattern of protein species for BV-2 cells compared with BV-2 cells cocultured with A. culbertsoni and, in turn, compared with BV-2 cells treated with LPS.
Although chemokine and cytokine protein was produced (26, 41, 42) . The present studies, however, are novel in that they demonstrate that Acanthamoeba-secreted serine peptidases degrade chemokines and cytokines that are natively secreted by microglia-like cells.
The ability to drive degradation of soluble "immune" factors through the mediation of peptidases does not appear to be a feature unique to Acanthamoeba. For example, group A streptococcal serine proteases have been shown to degrade the chemokine MIP-2 (17) . Also, the neutrophil-derived serine peptidases cathepsin G, elastase, and proteinase 3 have been reported to degrade human chemokine MIP-1␣ (48) . In addition, Echinococcus multilocularis metacestode metabolites have been shown to contain a cysteine protease that digests eotaxin (35), a CC (or BϪ) proinflammatory chemokine. Thus, it is apparent that the ability to degrade chemokines and cytokines through the use of secreted proteases is an "immune evasion" property that is shared by a variety of microbial agents.
Soluble factors present in A. culbertsoni culture supernatants also were shown to induce apoptosis of the BV-2 cells and primary neonatal rat cerebral cortex microglia; however, no apoptosis was observed following treatment of the cells with conditioned medium from A. astronyxis. These results indicate, at least in terms of apoptosis, that results obtained with the BV-2 cells were replicated using a primary microglial cell type. Furthermore, the capacity to induce apoptosis of microglia-like cells may articulate a mode by which A. culbertsoni, and not A. astronyxis, elicits neurocytopathogenesis. This induction of apoptosis on the part of A. culbertsoni-conditioned medium could be due to several factors. BV-2 cells express proteaseactivated receptors (PARs) (3). These G protein-coupled receptors also are expressed on platelets, endothelial cells, epithelial cells, monocytes, T lymphocytes, natural killer (NK) cells, astrocytes, neurons, and microglia (54) . Once activated, PARs lead to the production of cytokines and chemokines (11, 20, 27, 43, 44, 54, 57) and can regulate cell death (13, 54) . In this context, it has been suggested that peptidases released by bacteria and protozoa can activate PARs, although the mechanisms that are operative remain obscure (13) . Alternatively, exposure of BV-2 cells to Acanthamoeba spp. may elicit a chemokine/cytokine "storm" early in the exposure process. The protein species thus elicited, while susceptible to eventual serine peptidase degradation, could nevertheless simultaneously act in an autocrine or paracrine fashion to trigger the extrinsic pathway to apoptosis in BV-2 cells. In this context, it could be anticipated in vivo that a relatively high level of chemokine and cytokine protein would be found locally within focal granulomas containing amoebae. That this outcome is a possibility is based on the identification of increased levels of FasL protein observed for BV-2 cells maintained in the presence of A. culbertsoni-conditioned medium. This protein is a homotrimeric type II membrane protein which has a C-terminal region outside the cell and an extracellular region that has homology to the corresponding region of members of the TNF family. FasL as a trimer binds three Fas receptor molecules on the surface of target cells, which results in activation of downstream caspases committing the cell to apoptosis. In this context, it is noted that supernatants of BV-2 cells cultured with A. culbertsoni contained TNF-␣.
In summary, it is likely that A. culbertsoni uses both cell contact-dependent and contact-independent modalities to evade host immunity. In the present study, a BV-2 cell in vitro model was used to gain insight into the microglial cell-Acanthamoeba interaction. The results indicate that serine peptidases emitted from A. culbertsoni may play a cell contactindependent role in immune evasion in the CNS in their capacity to degrade chemokines and cytokines produced by microglia. Such degradation could be anticipated at focal sites of infection, where it would be anticipated that relatively high levels of secreted peptidases would be found. Soluble factors produced during the Acanthamoeba-BV-2 cell interaction also led to apoptosis of the microglia-like cells. Whether serine peptidases are linked to this phenomenon remains to be defined. Most probably, the concerted action of A. culbertsonispecified serine peptidases and yet-to-be-defined soluble factors leads to the demise of microglia-like cells. The collective results indicate that A. culbertsoni, in addition to being able to target immune cells in a contact-dependent manner, can apply a multiplicity of cell contact-independent modes to evade the immune response in the CNS.
